Chromatin proteins from erythroleukemia cells transformed by Friend virus were analyzed by sodium dodecyl sulfate/polyacrylamide gel electrophoresis. A new chromosomal protein, apparent molecular weight 25,000, was shown to appear during erythroid differentiation of the cells induced by dimethyl sulfoxide or hexamethylenebisacetamide. This protein is tightly bound to the chromatin and does not appear to be related to any of the known histones. It is also demonstrated that this protein is not induced in a dimethyl sulfoxide-resistant variant of these cells.
expression. The distribution of nonhistone proteins has been shown to exhibit tissue and cell cycle specificity (1, 2) . Their distribution has also been observed to vary in transformed and nontransformed cells (3) . Recently, Newmann et al. (4) have reported the loss of a nonhistone chromatin protein which parallels the in vitro differentiation of cartilage cells. In an attempt to understand the role of chromosomal proteins we have begun a study of erythroid differentiation using murine erythroleukemia cells transformed by Friend virus (FL cells) (5, 6) . FL cells offer a useful model system for the study of the role of chromosomal proteins because at least the terminal events of erythroid differentiation can be provoked in vitro. FL cells contain little or no hemoglobin or globin mRNA and do not display such characteristic erythroid antigens as glycophorin or spectrin. Addition of various compounds induces a terminal erythroid differentiation in these cells (7) (8) (9) (10) (11) . This differentiation, which takes place over a period of 3-5 days, is characterized by the accumulation of globin mRNA and hemoglobin (12, 13) and by the appearance of glycophorin and spectrin (ref. 14; H. Eisen, unpublished data). During the induction period the cells become smaller, globin RNA and protein synthesis is shut off, and, after two or three divisions, cell division ceases (15) (16) (17) . Peterson and McConkey (18) compared the proteins of differentiating and nondifferentiating FL cells and observed some changes in the chromosomal proteins. We report here the preliminary characterization of a major chromatin protein that appears after induction of FL cells.
MATERIALS AND METHODS Cells and Culture Methods. FL cells of clone F4N were obtained from W. Ostertag (19, 20) . The clone MA-1 was derived from the DBA/2 mastocytoma P815 obtained from P. Vassalli. The isolation and characterization of resistant cell lines F4+ and F4N+2 will be described elsewhere (H. Eisen and W. Ostertag, unpublished data). All cells were grown in suspension culture in minimal essential medium (21) supplemented with 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes), 2X amino acids and vitamins, and 10% fetal calf serum. Cultures were maintained at densities of 1 to 2 X 106 cells per ml. Cells were radioactively labeled by incubation for 3 hr in low-methionine minimal essential medium containing [35S]methionine (4 MCi/ml, 400 Ci/mmol). Differentiation was induced by addition of 1.3% dimethyl sulfoxide (Me2SO) or 2.5 mM hexamethylenebisacetamide (HMBA) to cells growing logarithmically at a density of 5 X 105 cells per ml. Hemoglobin-containing cells were detected by the wet benzidine method (22) .
Chromatin Purification. Chromatin was purified by a modification of the method of Bonner et al. (23) . Cells (50 to 100 X 106) were harvested by centrifugation at 800 X g for 10 min, washed twice with phosphate-buffered saline, and disrupted by homogenization in hypotonic buffer (24) containing 1 mM phenylmethylsulfonylfluoride. Nuclei were sedimented at 1000 X g and washed once with the same buffer. The washed nuclei were lysed in 10 mM Tris-HCI (pH 8)/25 mM EDTA/ 0.5% Triton X-100/1 mM phenylmethylsulfonylfluoride and homogenized. After two washes with 5 mM Tris-HCI, pH 8, chromatin was sedimented through a solution of 65% sucrose in 5 mM Tris for 70 min. at 80,000 X g. The chromatin pellet was washed twice with 10 mM TrisMHCI (pH 7.4)/1 mM EDTA and resuspended in the same buffer either by sonication (three times for 15 sec in a MSE sonicator) or by a Sorvall omnimixer (90 sec at 25,000 rpm). Chromatin was quantitated on the basis of its DNA content by measuring its absorbance at 260 nm.
Polyacrylamide Gel Electrophoresis. Chromatin proteins were analyzed on slab gels (25) by a modification of Laemmli's discontinuous buffer system (26, 27) . The running gel contained 15% acrylamide and 0.087% N',N-methylene bisacrylamide. The gels were stained in 0.1% Coomassie brilliant blue/10% acetic acid/50% methanol, destained in 7.5% acetic acid/20% methanol, and traced with a Joyce Loebl recording microdensitometer. The amounts of various proteins were estimated by measuring the areas under the respective peaks. Chromatin samples Mug of DNA as estimated by A20) were treated for 1 hr at 370 with pancreatic DNase (1 gg of DNase per 50 gg of DNA) and precipitated with 20% trichloroacetic acid before analysis on sodium dodecyl sulfate (NaDodSO4)/polyacrylamide gels.
Two-Dimensional Separation of Tryptic Peptides. Proteins were eluted from gels and treated as described by Allet et al. (28) .
RESULTS

Appearance of New Chromosomal Protein During
Induction of FL Cells. In order to examine changes in chromosomal proteins during differentiation of FL cells, we extracted chromatin from cells of clone F4N at 24-hr intervals after the 653 Abbreviations: FL cells, murine erythroleukemia cells transformed by Friend virus; Me2SO, dimethyl sulfoxide; HMBA, hexamethylenebisacetamide; NaDodSO4, sodium dodecyl sulfate. addition of Me2SO or HMBA to the cultures. The proteins of the extracted chromatin were then analyzed on NaDodSO4/ polyacrylamide gels. The results are shown in Fig. 1 (lane 1-4 ). The only change among the major chromosomal proteins of differentiating and nondifferentiating cells was the presence of a new protein species that appeared during the induction. This protein, IFP2, migrated just ahead of histone H1 and had an apparent molecular weight of 25,000. The amount of IP25, estimated as described in Materials and Methods, was normalized with respect to the amount of histone HI because the amount of H1 appeared to remain constant during the differentiation period. The results (Fig. 2) show that the appearance of IP25 paralleled the appearance of hemoglobin-containing cells. The IP25 content of the chromatin reached up to 40% that of the histone HI after 3 days of growth in the presence of inducer. In the uninduced FL cells, the IP25 content of the chromatin was less than 3% that of HI. Similar results were obtained with three subclones of F4N and clone 745 of Friend (7) . Two other proteins that migrated between IP25 and H3 in Fig. 1 also appeared to change during the differentiation of FL cells. These changes, however, were not seen reproducibly. Furthermore, the larger of the two proteins was shown to be a cytoplasmic contaminant (see below).
Cytoplasmic Contamination. Cytoplasmic contamination of the chromatin may occur during its isolation. That our chromatin preparation was not highly contaminated with cytoplasmic proteins was suggested by results of the following experiment. Induced cells (10 to 20 X 106 cells) were labeled with [MS]methionine and lysed in hypotonic buffer (see Ma- gation. The same number of cold cells was mixed with the labeled supernatant and lysed, and the chromatin was extracted. This chromatin contained 0.2% of the radioactivity present in the labeled cytoplasm. The proteins of the purified chromatin were then analyzed on NaDodSO4/polyacrylamide gels. The autoradiogram of this experiment showed-that five or six proteins had a-cytoplasmic origin. However, none migrated at the same position as IPZ (data not shown).
Effect of Me2SO or HMBA on a Nonerythroid Cell Line.
To determine whether or not IP25 could be detected in nonerythroid cells after treatment with the inducers, clone MA-1, a mastocytoma cell line was cultivated in the presence of either Me2SO or HMBA and the chromatin was isolated and analyzed as for the FL cells. The results are shown in Fig. 1 (lanes 6-8) .
IP25 was not seen among the chromosomal proteins of MA-1 cells regardless of which inducer was used, suggesting that the presence of IP25 is not simply a result of exposure to Me2SO or HMBA.
Expression of IP2s in Two Subelones of F4N. It might be expected that, among variants of the FL cells that continue to grow in the presence of inducers, some will show altered expression of IP25. To test this possibility we examined two subclones of F4N, both of which continue to grow in the presence of the inducers, for the inducibility of IP25. Growth of the first, F4N+2, in Me2SO or HMBA resulted in only 1-10% hemoglobin-containing cells, although spectrin and glycophorin were induced normally and continued to be made in the presence of inducers. The cells became smaller and continued to grow as small cells. Growth of the second clone, F4+, in the presence of inducer resulted in no globin or detectable glycophorin synthesis although there was a slight expression of spectrin. The cells did not become-smaller. The chromatin of these two resistant variants was examined and the results are shown in Fig  1 (lanes 9-12) . The results were identical after 1 week or 1 year of growth in the presence of 1.5% Me2SO. Clone F4N+2 synthesized IP25 continually in the presence of inducer. That this protein is indeed IP25 was confirmed by two-dimensional chromatography of tryptic digests of the protein. This clone also appeared to synthesize low levels of IP25 during growth in the absence of inducer. No IP25 was found in the chromatin of subclone F4+ whether or not it was grown in the presence of inducer. These results strengthen the view that synthesis of IP25 is associated with the ability of the cells to express such erythroid characteristics as inducibility of glycophorin, spectrin, and diminution of cell size.
Effect of Serum Deprivation. During induced erythroid differentiation of the FL cells, cellular division and DNA synthesis cease after two or three divisions. It is conceivable that radiogram has four major as well as six or seven minor methionine-containing spots. Whether this reflects the fact that the tryptic peptides contain different amounts of methionine or that the IP2 band in the gels is composed of more than one polypeptide is not known. Nevertheless, the complexity of the pattern appears to exclude the possibility that IP25 derives from a histone. That IP2s is derived by cleavage from histone HI or H2a is ruled out because neither of these histones contains methionine (31) . Furthermore, the methionine-containing tryptic peptides from histones H3, H4, and H2b bear no resemblance to any of the methionine-containing peptides of IP25.
The results of two-dimensional analysis of peptides from IP25 prepared from cells of clone F4N+2 grown in the presence of HMBA were identical to those with IP2 from induced F4N cells. the appearance of IP25 is a consequence of the arrest of cell division. In this respect, the presence of a new histone species in nonreplicating tissues has been reported (29) . To test this possibility we analyzed the chromatin of F4N cells grown in the absence of serum for 24 hr. a treatment that severely limits DNA replication (30) . During the period of serum starvation the cell density went from 1 X 106/ml to 1.25 X 106/ml. IP2s was not observed in the chromatin of serum-deprived nongrowing cells (Fig. 1, lanes 1 and 5) . Furthermore, the subelone F4n+2, which grows well in the presence of Me2SO or HMBA, exhibited IP25 among the chromosomal proteins (Fig. 1 , lane 12, and Fig. 3, lane 1) . The appearance of IP25 is thus not simply the result of the arrest of cell division.
Binding Properties of IP2s. The binding properties of IP25 to chromatin were studied by sequential salt elution. The chromatin pellet of F4N+2 cells grown in the presence of HMBA was extracted at 40 with buffers containing increasing concentrations of NaCl. The extracted proteins were analyzed on NaDodSO4/polyacrylamide gels. The results are shown in Fig. 3 . Although the majority of nonhistone proteins are extracted at 0.35-0.4 M NaCl, IP25 remained associated with the chromatin structure and was extracted at 0.5 M along with the bulk of H1. We also observed that IP25 precipitates at low ionic strength, a property it shares with the histones. Two-Dimensional Separation of IPas Peptides. Chromatin extracted from induced F4N cells labeled with [35S]methionine was treated with 0.35 M NaCl to eliminate the majority of nonhistone proteins. IP25 and H1 were extracted at 0.5 M NaCl.
The remaining histones were extracted with 1 M NaCl. Proteins were then separated on NaDodSO4/polyacrylamide gels, eluted, and subjected to two-dimensional separation after tryptic digestion. The autoradiogram shown in Fig. 4 
DISCUSSION
It has been demonstrated that the induction of erythroid differentiation in FL cells is accompanied by the appearance of a new chromosomal protein with an apparent molecular weight of 25,000. This protein, which we name IP25, is a major constituent of the chromatin of the induced cells and appears to be tightly bound to the chromatin structure. It is extractable together with histone H1, at concentrations of NaCl equal to or greater .than 0.5 M.
Whether or not the appearance of IP2s is an integral part of the erythroid differentiation is not clear. However, the facts that both Me2SO and HMBA induce IP25 in FL cells and that this induction is not seen in the nonerythroid line MA-I suggest that the presence of IP25 is associated with erythroid differentiation. This is further strengthened by the existence of a subclone, F4+, in which neither Me2SO nor HMBA induces erythroid characteristics and in which IP25 is not induced.
As yet, nothing is known concerning the role of IP2s. Its abundance makes it unlikely that it plays a role in the stimulation of erythroid-specific genes. It would be more tempting to postulate that it plays a role in the shutoff of other genes that occurs with the erythroid differentiation. However, this also seems unlikely due to the fact that the resistant clone F4N+2, which makes IP5s in the presence of Me2SO, also grows indefinitely in the presence of inducer.
A specific histone, H5, has been shown to replace H1 in the nucleated erythrocytes of birds, amphibians, reptiles, and fish (32) . H5, purified from chicken erythrocytes, has an apparent molecular weight of 21,000 and contains one methionine residue (33) . It is possible that IP2s plays a similar role in mouse erythropoiesis although no decrease in the amount of H1 has been observed.
